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(57) ABSTRACT 
A method and processing device are presented for recon 
structing an absorption and/or scattering image of a region 
of interest inside a scattering medium. A mathematical 
model is provided being representative of a relation betWeen 
the distribution of the intensity and phase of electromagnetic 
radiation components scattered from a medium and a certain 
attenuation factor, Which is function of spatial variations of 

Appl, No,: 10/470,385 scattering and absorption coef?cients of the medium. The 
mathematical is used for processing a map of distribution of 

PCT Filed: Jan. 23, 2002 the intensity of electromagnetic radiation components scat 
tered from knoWn locations Within the region of interest, 

PCT No.: PCT/ IL02/ 00063 thereby producing a halftone pattern of the region of interest. 
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FIG. 3A FIG. 3B (PRIOR ART) 
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METHOD AND APPARATUS FOR IMAGING 
ABSORBING OBJECTS IN A SCATTERING 

MEDIUM 

FIELD OF THE INVENTION 

[0001] This invention is generally in the ?eld of imaging 
techniques, and relates to a method and apparatus for 
real-time imaging of absorbing objects Within a scattering 
medium. The invention utiliZes ultrasound tagging of light, 
and is particularly useful for non-invasive detection/mea 
surements of absorbing agents, such as hemoglobin, in 
biological tissues. 

BACKGROUND OF THE INVENTION 

[0002] In recent years, much effort has been devoted to 
map the inside of diffusive bodies using ultrasound and 
electromagnetic Waves. If a sound (or ultrasound) Wave is 
located inside a scattering medium and concurrently a 
continuous electromagnetic Wave (such as a laser light 
beam) crosses said medium and is strongly diffused thereby, 
the electromagnetic Wave frequency is shifted by the sound 
frequency (acousto-optic effect) at the location of the sound 
(or ultrasound) Wave, While in the other regions, the fre 
quency of the light is unchanged. The electromagnetic 
Waves With the shifted or tagged frequencies are detected. 
Since the location of the ultrasound Waves inside the 
medium, and consequently, the locations of interaction 
betWeen the ultrasound and electromagnetic Waves can 
easily be determined, a 3-D representation of the medium 
can be obtained. 

[0003] Lev A. et al. “Ultrasound probing of the banana 
photon distribution in turbid media”, Biomedical Optoa 
coustics II, San Jose, Calif., USA, 23-24 Jan. 2001, vol. 
4256, pp. 233-240 discloses the possibility of ultrasound 
tagging of light to map the photon density inside solid 
turbine media. The modulation of the optical ?eld transmit 
ted through a scattering medium by an ultrasound beam is 
also disclosed in M. Kampe et al. “Acousto-optic tomogra 
phy With multiply scattered light”, Optical Society of 
America, 1997, pp. 1151-1158. 

[0004] It has been shoWn [Optics Letters, Lev et al, March 
2000] that the technique of ultrasound tagging of light 
provides for locating an electromagnetic Wave absorbing 
object Within a non-absorbing, diffusive medium. HoWever, 
it appears that When the are several absorbing objects or the 
single object has a pattern of absorbing locations Within the 
diffusive medium, a correlation betWeen the absorption of 
the different objects/locations occurs, and the so-obtained 
3-D representation is insufficient to provide an eXact picture 
of the absorbing pattern Within the medium, and data recon 
struction is thus required. 

[0005] Image reconstruction techniques typically used 
With optical measurements utiliZe inverse scattering algo 
rithms [S. R. Arridge and J. C. Hebden, “Optical imaging in 
medicine II. Modeling and reconstruction”, Physics in Medi 
cine and Biology 42, 841-853 (1997)]. In these methods 
light scattered from the medium is detected enabling a tWo 
dimensional data representation. This tWo-dimensional data 
is then reconstructed into a three-dimensional pattern of 
absorption (or scattering). The results of such techniques are 
limited by several factors: the optical measurement methods 
are very sensitive to boundary conditions (sensors or sources 
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positions), the data reconstruction requires long computation 
time, and the image resolution is relatively loW, e.g., general 
not exceeding 5 mm in the case of optical tomography. 

SUMMARY OF THE INVENTION 

[0006] There is accordingly a need in the art to enable 2D 
or 3D imaging of am absorbing pattern Within a light 
scattering medium, by providing a novel method and appa 
ratus for acquiring data representative of the intensity dis 
tribution of the light response at knoWn locations (voXels) 
inside the scattering medium, and processing these data to 
reconstruct the image including an absorbing and/or scat 
tering patter in this medium. 

[0007] The present invention takes advantage of the 
acoustic tagging of the light technique enabling identi?ca 
tion of the locations inside the medium corresponding to the 
detected scattered light components. In other Words, irra 
diation of the medium With acoustic Waves is used solely for 
the purpose of mapping the detected scattered light compo 
nents. The acoustic tagging of light provides for obtaining 
the 3-D representation (map) of the medium in real-time. 
Although this representation by itself is indicative of the 
location of an absorbing region, it does not provide for 
identifying the absorbing pattern Within this region (inter 
alia, because of the cross talk betWeen the different paths that 
light tends to take Within the patterned region). 

[0008] The main idea of the present invention consists of 
providing an image (halftone pattern) of absorbing and/or 
scattering inhomogenenities inside the scattering medium by 
processing the map (pattern) of the detected light signal 
(e.g., associated With the locations of interaction betWeen 
acoustic and electromagnetic Waves). To this end, the map of 
the detected light signals is considered as a function of the 
attenuation factor, Which, in turn, depends on both the 
scattering and absorption properties. In other Words, the 
attenuation factor is representative of the changes in the 
detected light intensity pattern scattered from a scattering 
medium caused by the absorbing pattern thereinside and/or 
by spatial variations of the scattering properties of the 
medium. 

[0009] To achieve the above, the measured intensity pat 
tern y(r1) for each position t inside the medium (e.g., tagged 
location) is, on the one hand, related to the absorption and 
scattering coefficients at that location, and, on the other 
hand, related to the diffusion properties of the medium 
de?ned by the photons propagation inside the medium. 
These tWo relations provide the basis of the reconstruction 
algorithm according to the invention. 

[0010] The attenuation factor p(r1) is given by: 

WW 
[0011] Wherein pa is the absorption coefficient, and p‘s is 
the reduced scattering coef?cient [“Tissue Optics” V. 
Tuchin, SPIE Press (2000)]. 

[0012] If the scattering coef?cient does not change dras 
tically from one point to another, the determination of the 
attenuation factor is directly related to the absorption coef 
?cient. In the cases Where the scattering coefficient varies 
drastically in space, both coef?cients should be determined 
independently. 
[0013] The present invention also takes into consideration 
the relative locations of the light source and detector With 
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respect to each other, as Well as the number of sources and 
detectors used in the measuring device. 

[0014] Thus, according to one aspect of the present inven 
tion, there is provided a method of reconstructing an image 
of a region of interest inside a scattering medium, the 
method utiliZing a map of distribution of the intensity of 
electromagnetic radiation components scattered from tagged 
locations in said region of interest, said map corresponding 
to certain relative positions of at least one source of the 
electromagnetic radiation (14) and at least one detector (16) 
of the scattered electromagnetic radiation With respect to one 
another and With respect to the tagged locations inside the 
medium, the method being characteriZed in that: 

[0015] data indicative of said relative positions of the 
at least one electromagnetic radiation source and at 
least one scattered radiation detector is utiliZed to 
provide a mathematical model that presents a rela 
tion betWeen a map of distribution of the intensity of 
electromagnetic radiation components y scattered 
from tagged locations in a medium and a halftone 
map of an attenuation for Mr), Which is a function of 
spatial variations of scattering and absorption coef 
?cients of the medium, said relation being indicative 
of a degree of inhomogeneity of at least one of the 
scattering and absorption coefficient Within the 
medium; and, 

[0016] said mathematical model is utiliZed for pro 
cessing the map of the distribution of the electro 
magnetic radiation components to thereby obtain a 
halftone pattern of said region of interest. 

[0017] According to another aspect of the present inven 
tion, there is provided a processing device for use With a 
measuring apparatus Which is operable to detect the intensity 
of light scattered from tagged locations in a scattering 
medium, the processing device comprising inter alia a 
memory utility for storing a data indicative of relative 
positions of at least one light source and at least one detector 
With respect to one another and With respect to the tagged 
locations inside the medium as used in said measuring 
apparatus, and comprising a data processing and analyZing 
utility for processing input data and generating data indica 
tive of the processing results, the processing device being 
characteriZed in that: 

[0018] said processing device is operable to utiliZe 
said data indicative of the relative positions to create 
a predetermined mathematical model and store it in 
the memory utility, said mathematical model pre 
senting a relation betWeen a map of the measured 
intensities distribution y and a halftone map of a 
certain attenuation factor p(r), Which is a function of 
the spatial variation of scattering and absorption 
coefficients of the medium, said relation being 
indicative of a degree of inhomogeneity of at least 
one of the scattering and absorption coefficients 
Within the medium; and 

[0019] said data processing and analyZing utility, is 
responsive to input data, coming from the measuring 
apparatus and being indicative of a map of distribu 
tion of the intensity of light scattered from the tagged 
locations Within said region of interest, to apply said 
mathematical model to said measured data, and 
thereby obtain a halftone pattern of the region of 
interest. 
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[0020] There is also provided according to yet another 
aspect of the invention, an apparatus for imaging a region of 
interest in a scattering medium, the apparatus comprising: 

[0021] a measuring apparatus operable to measure 
electromagnetic radiation components scattered 
from different identi?able locations inside the region 
of interest, and generate measured data indicative of 
a map of the intensity distribution of the electromag 
netic radiation Within the region of interest; and 

[0022] (ii) a processing device having a memory unit 
for storing a predetermined mathematical model 
presenting theoretical data representative of a rela 
tion betWeen distribution of the intensity of electro 
magnetic radiation scattered from a scattering 
medium and a certain attenuation factor, Which is a 
function of the spatial variations of scattering and 
absorption coefficients of the medium; and a pro 
cessing utility responsive to input data including said 
measured data and preprogrammed to process the 
measured data With the mathematical model to 
thereby obtain a halftone pattern of the region of 
interest and enable imaging of the region of interest. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] In order to understand the invention and to see hoW 
it may be carried out in practice, a preferred embodiment 
Will noW be described, by Way of non-limiting eXample only, 
With reference to the accompanying draWings, in Which: 

[0024] FIG. 1 is a schematic illustration of an eXemplary 
apparatus constructed and operated for imaging a region of 
interest by ultrasound tagging of light, Which is suitable to 
be used for the purposes of the present invention; 

[0025] FIG. 2 more speci?cally illustrates a processing 
device according to the invention used With the apparatus of 
FIG. 1; 

[0026] FIGS. 3A and 3B schematically illustrate the 
conventional imaging technique utiliZing the ultrasound 
tagging of light; 

[0027] FIG. 4 schematically illustrates the cross-talk 
problem to be solved by the present invention; 

[0028] FIG. 5A to SC schematically illustrates three pos 
sible eXamples of an electromagnetic source/detector 
arrangement suitable to be used in the present invention; 

[0029] FIG. 6 schematically illustrates another eXample of 
a measurement device suitable to be used With the present 

invention; 
[0030] FIG. 7 illustrates a flow diagram of the main 
operational steps of the method according to the invention; 
and 

[0031] FIGS. 8A to SC illustrate simulation results of 
applying the method of the present invention to obtain a 
halftone pattern of a region of interest in a scattering 
medium. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0032] Referring to FIG. 1, there is illustrated a measure 
ment apparatus 10 for obtaining a map of intensity of the 
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distribution of light scattered from a plurality of known 
locations With a region of interest (ROI) in a scattering 
medium (for example, biological tissue) utiliZing ultrasound 
tagging of light. The apparatus 10 comprises such main 
constructional parts as an ultrasound (generally, acoustic) 
unit 12 coupled to the medium, an illuminator 14 (consti 
tuting an electromagnetic radiation source) optically 
coupled to the medium, a detector 16, Whose output is 
connectable to a control unit 18. The apparatus 10 also 
comprises a phase and frequency control utility 20, Which, 
in the present eXample, is associated With the ultrasound unit 
12, Which comprises an acoustic or ultrasound generator 22 
(possibly including an electronic beam forming unit and an 
array of ampli?ers), and a transducer arrangement 24. The 
operation of the ultrasound unit 12 is aimed at delivering the 
proper ultrasound Wave Within the region of interest in the 
medium. 

[0033] A function generator 15 operates the ultrasound 
unit 12 and an analog-to-digital-converter (card) 19 via a 
triggering signal TS. Concurrently, the generator 22 trans 
mits an electrical signal to the transducer arrangement 24 
through the phase control utility 18 to thereby actuate one or 
more transducers to transmit, respectively, one or more 
ultrasound signals 25 into a region of interest in the medium. 

[0034] The illuminator 14 comprises one or several laser 
devices 26 generating incident radiation of at least one 
Wavelength (for eXample, in a range of 690-900 nm in order 
to detect hemoglobin in biological tissue), Which propagates 
toWards the region of interest. Laser light is diffused (scat 
tered) by the medium, and the diffused light 27 interacts With 
the ultrasound Wave 25, and the detector 16 detects the 
signal resulting from this interaction. The electric output of 
the detector 16 is directed to the analog-to-digital converter 
through a band-pass ?lter and ampli?er 28, to thereby 
produce corresponding digital signals received by the con 
trol unit 18. 

[0035] The control unit 18 comprises a processing devices 
30 and 32, and a display 34 for displaying an image of the 
region of interest. The processing device 30 is pre-pro 
grammed to process and analyZe the data received from the 
detector 16 in the conventional manner, namely, by applying 
a poWer spectrum operation to the measured data and 
identifying variations in light intensity at different frequen 
cies, to thereby generate measured data indicative thereof. 
The operational principles of the processor 30 do not form 
part of the present invention, and therefore need not be 
described in detail. The processing device 32 is connectable 
to the output of the device 30 for further processing the 
measured data according to the invention. 

[0036] As shoWn in FIG. 2, the processing device 32 is 
typically a computer device comprising a data input utility 
36 for receiving the measured data from the processor 30, a 
memory utility 38, a data processing and analyZing utility 
40, and a data output utility 42 connectable to the display 34 
and/or any other data presenting or data transmitting utility. 
The memory utility 38 stores a predetermined mathematical 
model, and the utility 40 is preprogrammed to process the 
measured data With the mathematical model, as Will be 
described further beloW. 

[0037] It should be understood that input and output data 
may be of the kind to be transmitted through Wires or 
Wireless to other devices. The input and output utilities are 
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constructed accordingly. It should also be understood that 
the processing device 32 can be a separate unit connectable 
to the measurement apparatus 10 that includes the control 
unit 18 With the processor 30 as its constructional part. 

[0038] Turning back to FIG. 1, it should be noted that the 
phase control utility 20 may be alternatively associated With 
the illuminator 14, and may be a part of the function 
generator 15. In this case, the function generator operates to 
modulate the output intensity of the laser using a phase 
modulation scheme. The measurement device may be of any 
knoWn kind, for eXample as disclosed in Us. Pat. No. 
6,041,248, and is disclosed in the co-pending application 
assigned to the assignee of the present application. The 
construction and operation of the measurement device do 
not form part of the present invention, and therefore are not 
speci?cally described, eXcept to note the folloWing: 

[0039] The interaction betWeen the light Wave and the 
ultrasound results in that the frequency/phase of light is 
shifted by the frequency/phase of the ultrasound, and the 
presence of an absorbing agent in the scattering medium can 
be determined from the change in the intensity distribution 
of the frequency/phase shifted light signals. The light 
source, the probed region, and the detector do not have to be 
speci?cally aligned With each other, and can have any 
geometric con?guration, provided that enough photons 
reach the detector. This alloWs multiple-source/detector con 
?gurations, With an increase in the signal to noise ratio and 
better light ?lling of the tissues. 

[0040] The interaction is as folloWs: The light source 
emits light of frequency 00 into the probed region (region of 
interest). The ultrasound pulses of frequency QUS are 
transmitted into the probed region. The current location(s) of 
the interaction in the X-Y plane is de?ned by the current 
location of the transducer(s), and along the Z-aXis by the 
phase of ultrasound pulses. The ultrasound modulated light 
having a shifted frequency 00+QUS, and non-modulated 
light having the frequency w are received by the detector, 
Which miXes them and generates a signal modulated at the 
ultrasound frequency. Data indicative of the detected signals 
is processed in the device 30 to obtain the measured data in 
the form of a map of the modulated light intensity distribu 
tion Within the region of interest. 

[0041] It should be noted that the present invention is not 
limited to the above-described technique of obtaining data 
representation (e.g., 3D representation) of the scattered light 
map. Any other suitable technique and device can be used 
for obtaining such measured data to be further processed by 
the present invention. For eXample, the technique of the 
above-indicated U.S. Pat. No. 6,041,248 is suitable. 

[0042] FIG. 3A schematically illustrates a region of inter 
est (ROI), Which is a scattering medium (e.g., biological 
tissue), and Which has an absorbing region thereinside. 
FIG. 3B schematically illustrates the measured data (MD) 
obtained With the processor 30. The measured data is the 
light intensity map typically shaped like a banana betWeen 
the source and the detector [5. C. Feng, F. Zeng and B. 
Chance, SPE Vol. 2389,pp 54-63. 1995], and is distorted by 
the presence of the absorbing region. It is thus evident that 
in order to obtain a halftone pattern (image) of the absorbing 
region, further processing of the measured data is needed. 

[0043] The ultrasound tagging of light alloWs to obtain a 
data representation of the region of interest (e.g., three 
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dimensional representation). However, these data do not 
give rise directly to the absorption distribution (pattern) 
because of the cross talk betWeen the different paths that 
photons can take. This is illustrated in FIG. 4, shoWing a 
region of interest 42 in a scattering medium having tWo 
spaced-apart absorbers 44a and 44b. Photons generated by 
a light source 46 propagate through the region of interest in 
tWo photon paths toWards a detector 48. Although a separate 
tagging Zone is located at the absorber 44b, the photons 
crossing the absorber 44a Will in?uence the tagged signal of 
the absorber 44b at the detector. Thus there is a need for a 
reconstruction method that Will enable to eliminate these 
cross-talk effects. 

[0044] According to the invention, the data reconstruction 
method is based on considering the measured intensity 
pattern y(rt) for each position t of the tagging location, as a 
function of the attenuation factor Mr). The latter depends on 
both the scattering and absorption properties of the region of 
interest, and is actually representative of the changes in the 
detected light intensity pattern caused by the absorbing 
pattern in the region of interest. Hence, the measured 
intensity pattern y(rQ for each tagged location t is, on the one 
hand, related to the absorption coefficient at that location, 
and, on the other hand, related to the diffusion properties of 
the medium de?ned by the light propagation inside the 
medium. 

[0045] The attenuation factor is determined as folloWs: 

I“: 3luaws+ruaj 

[0046] wherein p, is the absorption coef?cient and p‘s ads 
is the reduced scattering coefficient. 

[0047] If the scattering coef?cient does not change dras 
tically from one location to another, the determination of the 
attenuation factor is directly related to the determination of 
the absorption coef?cient. In the medium of the kind Where 
the scattering coefficient varies drastically in space, both the 
absorption and scattering coef?cients should be determined 
independently. In the case of brain trauma or stroke, or in the 
case of cancer detection based on the angiogenesis process, 
the effect of variations in the absorption pattern of the 
medium due to the presence of blood vessels is much more 
dominant than that of the variations in the scattering prop 
erties. Therefore, in that case, the effect of changes in 
scattering properties Within the medium can generally be 
neglected. As for effects in bones for examples, the scatter 
ing coef?cient’s variations betWeen the locations of the 
cortical bone and the trabecular bone, or betWeen the loca 
tions of the sane and diseased bones (e.g., in the case of 
osetoporosis), are quite important. Accordingly, in these 
cases, changes in scattering properties should also be taken 
into consideration. 

[0048] It is knoWn [A. Ishimaru, “Wave Propagation and 
Scattering in Random Media”, Academic Press, (1978)] that 
electromagnetic Waves’ propagation in scattering media can 
be considered (in a ?rst but Well-established approximation) 
as experiencing a diffusion process (the so-called P1 
approximation). Therefore, a diffusion equation for the pho 
tons’ number (or equivalently, the photon or energy density) 
considering the attenuation factor along three orthogonal 
axes is as folloWs: 

(V2- 2(r))U(r)=S(r) (1) 
[0049] Wherein U(r) is the intensity of the scattered light 
(electromagnetic Wave); S(r) characteriZes the sources dis 
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tribution (i.e., the distribution of the illuminating intensity); 
and p(r) is the attenuation factor or the so-called extinction 
coef?cient. 

[0050] As indicated above, When the light With a fre 
quency u) interacts With the ultrasound (acoustic) beam of a 
frequency Q, a neW frequency (n+9 is created (With a certain 
tagging efficiency 11). This, hoWever, does not affect the 
scattering properties of the medium, and thus the diffusion 
equation (1) remains the same. 

[0051] Turning back to FIG. 4, let us consider the folloW 
ing geometric con?guration: the light source 46 is located at 
the surface location rs, the detector 48 is located at rd, and 
the ultrasound beam is located at rt inside the medium. Here, 
the index “t” denotes the tagging Zone, namely, the location 
in the region of interest Where light frequency is modulated. 

[0052] The probability for a photon to migrate from the 
?rst location r1 to the second location r2 is denoted by 
l“(r1,r2). The probability to detect a modulated photon is 
proportional to the product of the probability to migrate 
from the source to the tagging Zone, the tagging ef?ciency 
(de?ned as the percentage of photons crossing the ultra 
sound Wave that effectively get tagged), and the probability 
to migrate from the tagging Zone to the detector. The tagging 
ef?ciency is de?ned as the percentage of photons crossing 
the ultrasound Wave that effectively get tagged 

[0053] Therefore, the detected light intensity distribution 
y(rt) is as folloWs: 

‘{(YOETUSJJTU‘JQYISU (2) 
[0054] Wherein S0 is the source intensity (i.e., the intensity 
of the incident light). 

[0055] In the above equation, intensity of photons that 
several times interacted With the acoustic Waves has been 
neglected, since the proportion scales of these photons is 
small. 

[0056] In general, When the detector, the source and the 
tagging Zone are all localiZed in three different points, the 
probabilities P are reduced to the Green function G(r) of the 
equation (1), that is 

Y(It)E(ZTIYGUS-YOGUFYQYISQ (3) 
[0057] In the general case, Where the light source is not a 
point source and/or the detector is not a point detector, the 
above equation (3) must be replaced by the folloWing: 

‘{(rt)=qiul ldAsdAdr(rsv rr)r(rv rd)=7lsurs(rr)rd(rr) (4) 

[0058] Wherein AS and Ad represent, respectively, the 
source and detector area, and FS(rt) and Fd(rt) are the 
probabilities of the photon to migrate from, respectively, the 
source to the tagging location rt and from the tagging 
location rt to the detector. It should be noted that since l“(r1, 
r2)=l“(r2,r1), the probability Fd(rt) could also be referred to 
as the probability of the photon to migrate from the detector 
to the tagging location rt. 

[0059] Accordingly, We have: 

2 r, rd 
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[0060] The above equation (5) is an exact algebraic rela 
tion Without any hidden physical assumption, and is there 
fore always valid. 

[0061] As there is no light source inside the medium, both 
probabilities FS(rQ and Fd(rQ are solutions of the diffusion 
equation (1) for any location rt inside the medium, but 
Without the source-associated term: 

[0062] Hence, equation (5) can be reWritten as folloWs: 

(7) 

[0063] Wherein all the derivatives are taken With respect to 
the tagged locations rt. From this point of vieW, the only 
approximation that leads to equation (7) is the equation (2), 
i.e., the multiplication assumption. 

[0064] Reference is noW made to FIGS. 5A-5C, illustrat 
ing three possible examples of an electromagnetic source/ 
detector arrangement. 

[0065] In the example of FIG. 5A, the source 46A and the 
detector 48A are at the same location and have the same 
dimensions. In this case, equation (7) can be simpli?ed and 
yields the folloWing: 

V2 [Tm _#2(r) (3) 
Wm) ' 

[0066] In the example of FIG. 5B, the source and the 
detector 46B and 48B are spaced from each other, and a 
certain angle 0 therefore exists betWeen the vectors (rt-rs) 
and (rt-rd) presenting the central axes of incident and 
scattered light components propagating to and from the 
absorbing tagged region AR. In this case, the second term in 
the equation (5) above cannot be neglected any more and 
must be estimated. In the second order approximation, We 
can evaluate F as if the medium is homogenous. In that case, 
the analytical expression of F is Well-known [A. Ishimaru, 
“Wave Propagation and Scattering in Random Media”, 
Academic Press, (1978)] and therefore the expression 

[0067] can be developed in poWers of 1/r. For distances r 
Which are larger than l/?, [a being the average value of the 
attenuation factor p¢(r), We have the general expression: 

L r (9) 

and therefore: 
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-continued 

v27; ~#2(r)[l+cos0] 
W = ' Z 

[0068] It should be understood that in equation (9), r 
represents any position in the medium, and therefore states 
a physical approximation that is not linked With the ultra 
sound tagging of light. In the last equation, the value of r is 
replaced by rt thereby taking into account the ultrasound 
tagging. 

[0069] In the case of spaced-apart source and detector, the 
image obtained at the detector should not be drastically 
different from that obtained With the source and detector 

located adjacent to each other. Therefore, equation (8) 
should just be corrected as presented in the last equation. 
This correction is estimated by taking the solution of the 
problem as if the medium is homogenous, and is added to 
equation 

[0070] Therefore, equation (8) can be generaliZed to the 
case Where the source and the detector are at different places, 
as folloWs: 

2 v27? (10) 
l+cos0 ‘[77 Mr.) = 

[0071] Equation (10) returns to equation (8) When 0%0, 
namely When the distance betWeen the source and the 
detector is much smaller than the distance betWeen the 
source/detector and the tagging Zone (the acoustic Wave). 

[0072] FIG. 5C exempli?es the situation With an array of 
sources 46C1-46C5 (generally at least tWo) and an array of 
detectors 4l'3C1-4l'3C5 (similarly, at least tWo detectors). This 
case is the most general, and requires an iterative algorithm 
consisting of estimating the light intensity detected by each 
detector considering that this detected light intensity is 
produced by scattered light components of all the sources. 
Thus, the iterative algorithm includes the folloWing steps: 

[0073] Step 1: Equivalent location of the source rS is 
evaluated as folloWs: 

(11) 

[0074] Wherein S]- is the intensity of the jth source at the 
location rj. 

[0075] From the above-described example of FIG. 5B, 
p®(rQ being the ?rst approximation of Mr) can be evaluated 
using the folloWing equation: 
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[0076] wherein Nd is the total number of detectors, y(i)(rQ 
is the light intensity returned from the tagging location rt to 
the ith, and 0i is the angle between the vectors rt—ri and rt—rs. 

[0077] Step 2: The diffusion equation (1) is solved 
using p(1)(rt) instead of pt(rt). To this end, two equa 
tions must be solved: one for the sources and one for 
the detectors. The boundary conditions must be 
chosen so as to match the sources and the detectors’ 

[0078] Step 3: Now, the new value for p(rt), i.e., 
p(2)(rQis obtained using the following: 

[0079] Step 4: Steps 2 and 3 are repeated until a 
precise enough value for p(rt) is obtained. The repeti 
tive process can for example proceed until the dif 
ference in the value of p(rt) from two consecutive 
iterations is smaller than 6 (in absolute value). 

[0080] The method of the present invention can be applied 
directly to the determination of biological tissues’ satura 
tion. By choosing two different wavelengths of incident light 
in the near-infrared spectral region (670 nm to 900 nm), it is 
possible to obtain the value of p(r,7»)for both wavelengths. 
The absorption of such a medium is essentially due to 
oxyhemoglobin and deoxyhemoglobin, and the manner of 
extracting the oxygen saturation of tissues from the mea 
sured scattered light is known in the art. If scattering 
properties of the medium are not varying strongly from one 
place to another, the ratio of p(r,7»1)/u(r,7»2) is directly 
proportional to the ratio pa(r,7»1)/ua(r,7»2) [S. J. Matcher, P. 
Kirpatrick, K. Nahid, M. Cope and D. T. Delpy, SPIE Vol. 
2389. pp 486495, 1995]. This ratio leads directly to the 
saturation. 

[0081] In some cases, the knowledge of the attenuation 
factor is insuf?cient for imaging purposes. As indicated 
above, such a situation occurs with a medium of the kind 
where the scattering coef?cient varies drastically in space. In 
this case, both the absorption and the reduced scattering 
coef?cients pa and p‘s should be determined independently. 
More speci?cally, the spatial distribution of the scattering 
coef?cient within the region of interest is to be determined. 

[0082] The above can be implemented by using a mea 
surement device somewhat different from the device of FIG. 
1. This measurement device is schematically illustrated in 
FIG. 6, being generally denoted 100. To facilitate under 
standing, the same reference numbers are used for identify 
ing those components which are common in the devices 10 
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and 100. Thus, in the device 100, there is additionally 
provided a function generator 35 that modulates the detector 
response and provides a synchroniZed reference, an ampli 
?er 36 to amplify the signal to the detector, a phase detection 
system (e.g., a phase-lock loop or PLL) 40 and a frequency 
mixer system 42, which are connected to the detector and to 
the ?lter 28. It should be understood that the operations of 
the function generators 15 and 35 are appropriately synchro 
niZed. The operation of the measurement device 100 is based 
on irradiating the region of interest with a high-frequency 
modulated light, and detecting the phase variations in the 
ultrasound tagged light components, i.e., light components 
scattered from different locations of the region of interest. 
Thus, in this con?guration, the detected light signals coming 
from different spatial coordinates, in addition to being 
frequency tagged due to the interaction with ultrasound, 
have certain phase tags, thereby enabling separate identi? 
cation of the light intensity changes due to the changes in the 
scattering properties only. 

[0083] More speci?cally, the laser is modulated at a high 
frequency (typically between 50 MHZ and 1 GHZ) at the 
modulation (n. This creates a so-called diffusive wave within 

the scattering medium [“Tissue Optics”, V. Tuchin, SPIE 
Press (2000)]. The photomultiplier dynodes (detector) are 
also modulated at the frequency (n+6uul+§2, wherein Q is the 
ultrasound frequency. At the frequency 6001, the detected 
signal depends on the exact position of the ultrasound pulse 
inside the medium. The ultrasound pulse position deter 
mines the distance that the diffusive wave propagates, and 
therefore its phase. This phase is determined by comparing 
the signal at the frequency 6001 with a reference signal at the 
same frequency (derived from the same clock as the gen 
erator that modulates the dynodes). It should be noted that 
the frequency w is either ?xed or time dependent. This is 
important in order to enable obtaining the relation between 
the ultrasound pulse position and the signal. It should also be 
understood that other frequency combinations could be used 
in order to obtain a similar result. 

[0084] The knowledge of both the amplitude and phase of 
the detected signal gives the knowledge of the complex 
intensity of the signal. The amplitude can be determined by 
any known technique (e.g., US. Pat. No. 6,041,248) or by 
the technique of the above-indicated co-pending application 
utiliZing measurement of the power spectrum. The time 
dependent equation is as follows: 

[0085] wherein 

D _ C 

_ 3010 + I4) 

[0086] is the diffusion coef?cient and c is the speed of light 
in vacuum. 
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[0087] The light source S is noW considered as a modu 
lated light source, rather than a static light source, as in the 
previously described examples, and therefore We have: 

5(M)=$u(r)eXP(-i(®l+¢)) (17) 
[0088] The general form of the electromagnetic Wave 
intensity is as folloWs: 

U('7l)=Uo('7t)eXP(_l-mt) (18) 
[0089] In that case the diffusion equation becomes: 

(v2 -/<2>U0<r. 1) = - Sign CXPFW) (19) 

[0090] Wherein the complex attenuation coefficient k is as 
follows: 

[(22 2 ‘Q (20) 
p +11D 

[0091] The above equation is conceptually similar to equa 
tion (2), and distinguished from equation (2) in the folloW 
ing: coefficient k replaces coef?cient u; all the values are 
complex, and therefore, not only the amplitude but also the 
phase of the detected signal 4) is to be measured. 

[0092] Once k is determined experimentally (both kI and 
ki), equation (20) is a simple system of tWo equations With 
tWo unknoWns: pa and #5. The solution is given by: 

[0093] Having scanned the region of interest With the 
electromagnetic and acoustic Waved and measured the inten 
sity distribution of the scattered light, either a speci?c one of 
the above algorithms or the most general one is applied to 
the measured data to obtain a halftone pattern of the region 
of interest. If the most general algorithm is used, the real and 
imaginary parts of the coefficient k2 can be retrieved, leading 
to the tWo equations, Which determine the values of p‘s and 
tua' 

[0094] Thus, as shoWn in FIG. 7, to enable the imaging 
technique of the present invention, the measured data indica 
tive of the distribution of the intensity of light scattered from 
the region of interest is provided. To this end, if the spatial 
distribution of the scattering coefficient in the region of 
interest is to be separately determined, the above-described 
technique of detecting scattered light using phase modulated 
electromagnetic radiation is employed. Then the measured 
data is processed by applying thereto a selected model 
(algorithm) in accordance With the source/detector arrange 
ment (their number and respective positions), thereby deter 
mining the halftone pattern of the region of interest. 

[0095] FIGS. 8A-8C illustrate the light tomography simu 
lation results shoWing the advantageous features of the 
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present invention. For simplicity, but Without loss of gen 
erality, a 2D medium imaging is simulated. The medium 
shoWn in FIG. 8A is a tWo-dimensional slightly absorbing 
but scattering medium, and includes an absorbing pattern— 
the Word “SOREQ” Which is to be imaged. Simulated 
measurement data shoWn in FIG. 8B, is then processed by 
the technique of the present invention resulting in the 
halftone image of the absorbing pattern as shoWn in FIG. 
8C. In this simulation, the above described case of the 
source and detector at the same location Was used. 

[0096] The simulation is performed as folloW: light is 
injected in the medium (coordinate (16,0) in the picture) and 
the resulting image is simulated. In the simulation, the 
photons number in every volume element around r in the 2D 
medium is split as folloWs: 1—exp[—pa], is absorbed by the 
medium, and the rest is scattered evenly among its four 
nearest neighbors (rectangular grid). It should be noted that 
here ya is not exactly the absorption coefficient but is 
proportional to the absorption coefficient. The tagging pro 
cess is simulated in the folloWing manner: each photon that 
crosses the tagging Zone is differentiated in the simulation 
and is counted separately When it reaches the detector. 

[0097] It should be noted that the technique of the present 
invention does not require a three-dimensional acoustic scan 
of the entire body part containing the region of interest. It is 
possible to scan only a selected portion of the body, for 
example With high resolution (“Zoom mode”). 

[0098] It should also be noted that by properly choosing 
the positions of the sources and detectors, it is possible to 
minimiZe the residual term 

[0099] This occurs for example When the sources and 
detectors are symmetrically arranged, for example, one 
detector is located at the center of a polygon composed of 
sources. 

[0100] The reconstruction technique of the present inven 
tion can be applied in cases that are different from imaging 
of biological tissues. The folloWing tWo examples demon 
strate the Wide range of applications of this technique. 

[0101] In the ?eld of microscopy, for example aimed at 
examining multilayer printed circuit boards, high frequency 
(10 to 200 MHZ) ultrasound transducers can be used so that 
the resolution is in the range of tens to hundreds of microns. 
By choosing the proper light Wavelengths, different sorts of 
dielectric materials (i.e., having different absorbing patterns) 
can be identi?ed in the different layers of the Printed Circuit 
Board, although their determination by ultrasonic methods 
only might be difficult. Such a microscopy can also be used 
for detecting melanoma and other skin lesions by analyZing 
the precise shape of the lesion in depth. It is an alternative 
to confocal microscopy or optical coherence tomography. 

[0102] In a different context, the technique can be used for 
analyZing either the quality or the homogeneity of diffusive 
bulk-like materials such as food product or plastics, Within 
their containers. To this end, laser light is coupled to the 
container (or directly to the material under evaluation), and 
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an ultrasound pulse is scanned over the material. In the case 
of large containers (centimeters to meters), loW frequency 
ultrasound can be used, Which While reducing the resolution, 
increases the penetration depth and the scan speed. Having 
performed the reconstruction process of the present inven 
tion, a three-dimensional image of the absorption and/or 
scattering pattern can be obtained. 

[0103] Those skilled in the art Will readily appreciate that 
various modi?cations and changes can be applied to the 
embodiments of the invention as hereinbefore exempli?ed 
Without departing from its scope de?ned in and by the 
appended claims. 

1. Amethod of reconstructing of a region of interest inside 
a scattering medium, the method utiliZing a map of distri 
bution of the intensity of electromagnetic radiation compo 
nents scattered from tagged locations Within said region of 
interest, said map corresponding to certain relative positions 
of at least one source of the electromagnetic radiation (14) 
and at least one detector (16) of the scattered electromag 
netic radiation With respect to one another and With respect 
to the tagged locations inside the medium the method being 
characteriZed in that: 

data indicative of said relative positions of the at least one 
electromagnetic radiation source and that at least one 
scattered radiation detector is utiliZed to provide a 
mathematical model that presents a relation betWeen a 
map of distribution of the intensity of electromagnetic 
radiation components y scattered from tagged locations 
in a medium and a halftone map of an attenuation factor 
p(r), Which is a function of spatial variations of scat 
tering and absorption coefficients of the mediums said 
relation being indicative of a degree of inhomogeneity 
of at least one of the scattering and absorption coef? 
cients Within the medium; and, 

said mathematical model is utiliZed for processing the 
map of the distribution of the electromagnetic radiation 
components to thereby obtain a halftone pattern of said 
region of interest. 

2. The method according to claim 1, Wherein said relation 
betWeen the intensity distribution and the attenuation factor 
is based on the relative position of the at least one source of 
the electromagnetic radiation, the at least one detector and at 
least one acoustic radiation source used for tagging said 
locations in the medium as locations of interactions betWeen 
the acoustic and electromagnetic radiation inside the 
medium. 

3. The method according to claim 1, Wherein said pro 
cessing comprises determining changes in the intensity 
distribution of the electromagnetic radiation caused by an 
absorbing pattern in the region of interest, based on that said 
intensity for each location in the region of interest is related 
to the absorption coef?cient and to the scattering properties 
of the medium de?ned by the electromagnetic propagation 
inside the medium. 

4. The method according to claim 1, Wherein said relation 
is determined as follows: 
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Wherein y is the detected distribution of the intensity of the, 
electromagnetic radiation scattered from the tagged loca 
tions in the medium; F5 and Pd are probabilities of a photon 
to migrate from, respectively, the electromagnetic radiation 
source to the tagged location inside the medium and from the 
tagged location in the medium to the detector; and a Mr) is 
the attenuation factor taken With respect to tagged locations 
rt in the medium. 

5. The method according to claim 4, Wherein the electro 
magnetic radiation source and the detector are at the same 
location, said relation being determined as folloWs: 

6. The method according to claim 4, Wherein the electro 
magnetic source and the detector are spaced from each other, 
and a certain angle 6 therefore eXists betWeen central aXes of 
incident and scattered light components propagating to and 
from an absorbing region in the medium, said relation being 
determined as folloWs: 

2 WW 
l+cos0 ‘[77 [12(5): 

7. The method according to claim 4, Wherein an array of 
the electromagnetic sources and an array of the detectors are 
used for obtaining the intensity distribution map, said rela 
tion being determined by an interactive algorithm compris 
ing estimating detection by each of the detectors the scat 
tering of the electromagnetic radiation produced by all the 
sources. 

8. The method according to claim 1, comprising applying 
measurements to the medium to provide said the map of 
distribution of the intensity of electromagnetic radiation 
components scattered from the tagged locations Within said 
region of interest. 

9. The method according to claim 8, Wherein the mea 
surements are based on tagging the locations Within said 
region of interest irradiated With the electromagnetic radia 
tion. 

10. The method according to claim 9, Wherein sad tagging 
is based on interaction betWeen the electromagnetic radia 
tion With acoustic radiation inside the medium. 

11. The method according to claim 10, Wherein said 
tagging is applied to the amplitude of the scattered electro 
magnetic radiation component. 

12. The method according to claim 10, Wherein said 
tagging is applied to the amplitude and phase of the scattered 
electromagnetic radiation components. 

13. The method according to claim 10, Wherein said 
tagging comprises irradiating the region of interest With 
acoustic and electromagnetic Waves to provide a plurality of 
locations inside the region of interest Where the acoustic and 
electromagnetic Waves interactive With each other, thereby 
affecting the parameters of the electromagnetic Waves scat 
tered from the region of interest in accordance With those of 
the acoustic Waves, thereby enabling detection of the scat 
tered electromagnetic Waves With the affected parameters. 
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14. A processing device (32) for use With a measuring 
apparatus (10), Which is operable to detect the intensity of 
light scattered from tagged locations in a scattering medium 
the processing device comprising inter alia a memory utility 
(38) for storing data indicative of relative positions of at 
least one light source (14) and at least one detector (16) With 
respect to one another and With respect to the tagged 
locations inside the medium as used in said measuring 
apparatus, and comprising a data processing and analyZing 
utility (40) for processing input data and generating data 
indicative of the processing result the processing device (32) 
being characteriZed in that: 

said processing device is operable to utiliZe said data 
indicative of the relative positions to create a predeter 
mined mathematical model and store it in the memory 
utility said mathematical model presenting a relation 
betWeen a map of the measured intensities distribution 
y and a halftone map of a certain absorption factor p(r), 
Which is a function of the spatial variation of scattering 
and absorption coefficients of the medium, said relation 
being indicative of a degree of inhomogeneity of at 
least one of the scattering and absorption coefficients 
Within the medium; and 

said data processing and analyZing utility is responsive to 
input data coming from the measuring apparatus and 
being indicative of a map of distribution of the intensity 
of light scattered from the tagged locations Within said 
region of interest, to apply said mathematical model to 
said measured data, and thereby obtain a halftone 
pattern of the region of interest. 

15. The device according to claim 14, Wherein said 
processing and analyZing utility operates to determine 
changes in the intensity distribution of the scattered light 
caused by an absorbing pattern in the region of interest based 
on that said intensity for each the locations in the region of 
interest is related to the absorption coefficient and to the 
scattering properties of the medium de?ned by the light 
propagation inside the medium. 

16. The device according to claim 14 or 15, Wherein said 
relation betWeen the intensity distribution and the attenua 
tion factor is related to the relative position of the at least one 
light source, at least one detector for detecting the scattered 
radiation components, and at least one acoustic unit used for 
tagging said locations in the medium as locations of inter 
actions betWeen light and acoustic radiation in the medium. 

17. The device according to claim 14, Wherein said 
relation is determined as folloWs: 

WW 1[vr, VP, 
,5 4 

Wherein y is the detected distribution of the intensity of light 
scattered from the tagged locations in the medium; F5 and Pd 
are probabilities of a photon to migrate from, respectively, 
the electromagnetic radiation source to the tagged location 
inside the medium and from the tagged location in the 
medium to the detector; and Mr) is the attenuation factor 
taken With respect to tagged locations rt in the medium. 

18. The device according to claim 17, Wherein the light 
source and the detector are at the same location, said relation 
being determined as folloWs: 
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V2 V 7(5) 

V 7(5) 

19. The device according to claim 17, Wherein the light 
source and the detector are spaced from each other, and a 
certain angle 6 therefore eXists betWeen central aXes of 
incident and scattered light components propagating to and 
from an absorbing region in the medium, said relation being 
determined as folloWs: 

2 WW 
l+cos0 ‘[77 

20. The device according to claim 17, Wherein an any of 
the light sources and an array of the detectors are used for 
obtaining the intensity distribution map, said relation being 
determined by an interactive algorithm comprising estimat 
ing detection by each of the detectors the light scattering 
produced by all the sources. 

21. The device according to any one of claims 14 to 20, 
and also comprising a processor connectable to the output of 
said meaning apparatus for receiving and analyZing data 
indicative of light components scattered from the medium to 
generate said measured data indicative of the map of distri 
bution of the intensity of light components scattered from 
the tagged locations in the medium. 

22. The device according to any one of claims 14 to 20, 
being connectable to a processor associated With said mea 
suring apparatus for receiving and analyZing data indicative 
of light components scattered from the region of interest to 
generate said measured data indicative of the map of distri 
bution of the intensity of light components scattered from 
the tagged locations in the medium. 

23. The device according to any of claims 14 to 20 and 
also comprising a measuring apparatus operable to measure 
electromagnetic radiation components scattered from tagged 
locations inside the region of interest, and generate mea 
sured data indicative of a map of distribution of the intensity 
of light scattered from the tagged locations Within the region 
of interest. 

24. The apparatus according to claim 23, Wherein said 
measuring apparatus comprises: an acoustic unit operable 
to transmit acoustic radiation to a plurality of locations in the 
medium, and a light source operable to illuminate said 
medium With incident light, to thereby produce light signals, 
being modulated in accordance With the acoustic radiation 
and alloW detection of light components scattered from 
tagged locations of interactions betWeen light and acoustic 
radiation inside the medium; and (ii) a detector unit operable 
to detect said modulated light signals and generate measured 
data indicative thereof, said measured data being in the form 
of a map of intensity distribution of light scattered from the 
locations inside the region of interest. 

25. The apparatus according to claim 24, Wherein the light 
source generates light of one or more Wavelengths. 

26. The apparatus according to claim 25, Wherein said 
light source produces high-frequency modulated light com 
ponents and said detector is modulated at a nearby high 
frequency. 
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27. The apparatus according to claim 26, wherein said 28. The apparatus according to claim 24 or 26, and also 
detector is associated With a phase system for detecting said comprising a phase utility associated With the acoustic unit, 
modulated light sign and phase variations of the light thereby alloWing for imaging of the region of interest along 
cornponents scattered from different locations in the region an aXis of transmission of said acoustic radiation. 
of interest, said rnap being indicative of the distribution of 
the scattering attenuation or Within the locations inside the 
region of interest. * * * * * 


